Abstract-The influence of enforced periodic concentration variations on a continuous stirred tank reactor was studied theoretically. The unsteady-state-processing becomes advantageous under certain conditions. This can be shown for an irreversible consecutive-competing reaction. The yield and selectivitv of the intermediate oroduct can exceed the values obtainable at steady-state-processing in the mentioned reactor.
INTRODUCTION
THE INFLUENCE of unsteady-state operation on technical processes has been under consideration and the object of experiments for some time. It has been shown that for separation processes such as extraction, distillation and adsorption an improvement in performance not only with respect to the quantity but also the quality of the output occurs with unsteady-state operation 11,21.
There are also some published studies on the influence of periodic operation on homogeneous chemical reactions [3-l 21. The parameters which can be periodically varied in continuous reactors are temperature, mean residence time, reactor volume, and feed-concentration of the reactants. In general an influence of the varied parameters on the degree 4 -onversion can be expected in cases in which he reaction rate is a nonlinear function of this parameter.
In this paper only the effect of enforced periodic concentration variations in a continuous stirred tank reactor (CSTR) will be dealt with. In particular the effect of concentration variations in the feed of an isothermal CSTR is considered.
SIMPLE SECOND ORDER REACTIONS
In a second order reaction, the nonlinear dependence of the reaction rate on tl-? concentration of reactants gives a different average reaction rate under oscillating conditions from that produced by equivalent but steady-state conditions. For example in the CSTR a higher timeaverage degree of conversion is achieved when the input concentration varies between say two and zero, than with steady-state operation and an input concentration of unity and otherwise identical conditions of temperature, volume and flow rate.
The influence of periodic concentration variations in the feed can be considered as follows. The reactant concentration varies as a square wave function. The input concentration has a value of two units during the first half period. In the second half the concentration is zero. Equation (1) gives the material balance for the CSTR. Figure 1 shows the considered input function. The equations are dimensionless, since the concentrations of components A and P are referred to the average input concentration over a period cAO. The time 8 is referred to the mean residence time 7 in the reactor.
At periodic operation the period 8' is also referred to the mean residence time. This has the advantage that reference can be made with respect to the period or frequency independently of the value of the mean residence time, which varies with the reaction rate constant and the degree of conversion required.
In order to evaluate the differences between steady and non-steady state, i.e. periodic operation comparable conditions must be used. Periodic operation will then only be advantageous when the conversion of reactants to the desired product per time and volume unit can be increased. In other words for a given reactor volu-e the amount produced in moles or kg in unit time must be the criterion for comparison. To achieve this the following conditions must be observed:
1. The amount (mass) of reactants which reaches the reactor in unit time, i.e. the molar rate of flow of component A is constant.
2. The variable parameter, in this particular case the feed-concentration may not exceed the value for steady state operation.
The feed-concentration at periodic operation is therefore always smaller or the same as the concentration in steady-state operation and therefore the volumetric flow rate at periodic operation is higher than under steady-state conditions.
The concentration variations can be produced by the addition of a symmetrical input function and concentration variations between maximum values of two and zero, the mean residence time rp is only half of that in steady state operation, i.e. the flow rate of the feed is twice as large. When considering steady-state operation the residence time is adjusted for optimum results.
If one considers the extreme cases of very high and very low frequency it is clear that the time average degree of conversion must depend on the frequency of the concentration variations.
At high rates of change in concentration the reactor is no longer capable of following the imposed variations and the result is effectively that obtained from a constant input of unity. If the frequency falls to zero (0' -+ m), a conversion corresponding to a constant input of concentration two is obtained. These results can be calculated as for the steady-state by using Eq. (2).
optimal steady-state processing: c,*, = 2,~ = T,,~.
(2d) Figure 2 shows the results for various values of the period 8'. It can be seen that for increasing length of period, the average degree of conversion increases and tends to the limiting value mentioned above. Periodic operation, however does not lead to improved results in this particular case. Under comparable conditions the degree of conversion is 22 per cent greater than the best available at periodic operation. The reason is the smaller mean residence time in the latter case. time in a CSTR are given by the Eqs. (4)- (6) . 
(6)
If one turns to more complex reaction-systems however, unsteady-state processing becomes advantageous.
An example are consecutivecompeting reactions. The general form of such a reaction is given by the Eqs. (3):
The optimum residence time which is required for the comparison of the two processes is given by Eq. (7).
CAo-CA,,, 7
Op = kl . CA,,,C&,,' ( 
7)
A+Bk'P P+B k= ,R (34
The concentrations CA,,, and cBm indicate the values at the maximum yield in the CSTR.
Examples of such reactions are the halogenation or nitration of hydrocarbons or the addition of alkene oxides, e.g. ethylene oxide, to compounds of the proton donor class, e.g. amines, alcohols or water.
In the following treatment it is assumed that the reaction stops after the second step, i.e. there is no reaction between R and component B. Furthermore irreversible second order reactions are assumed. The desired product is the component P.
The selectivity is also a function of the degree of conversion. In contrast to the yield, the selectivity does not pass a maximum for an intermediate product but falls from unity at small conversions to zero at complete conversion. When comparing periodic and steady-state operation therefore, the selectivity is taken at maximum yield. In the case of periodic operation always time-average values are considered.
At steady-state process the yield of the intermediate product, i.e. the ratio of product concentration to input concentration, as a function of the degree of conversion of component A goes through a maximum. The height of the maximum depends on the ratio of the rate constants kl/k2 = x. With increasing value of x the maximum increases. The position of the maximum is also a function of this ratio. At larger ratios of x the maximum occurs at higher degrees of conversion. These maxima attainable at steady-state processing, must now be compared with the results at periodic operation. 
A second important parameter, the selectivity
The variation of concentration of the reactants must also be considered together with the yield.
in a CSTR is shown in Fig. 3 . Conditions have The relationship between yield, selectivity, been chosen so that the reaction rate constants degree of conversion and the mean residence kl and k2 are equal. The feed-concentration of (Fig. 3) . Under optimal conditions at steadystate processing, a maximum yield of q. = O-25 with a selectivity of uP = 0.5 can be achieved, i.e. the concentration of both products is the same. In the case considered here the concentration of the undesired product is always less than the component P through the whole period. The degree of conversion is of course smaller than at steady-state processing but this is compensated and exceeded under certain conditions by the improved selectivity. So the yield of the intermediate can reach or exceed the values for steady-state processing.
At very high and very low frequencies the reactor behaves as a CSTR in the steady state, as in the previous simple case. Yield, selectivities and conversions are obtained as for at steadystate processing with average input conditions.
In Fig. 4 0.568. Between these two limiting values the curves go through weak maxima which for the yield is about 0.5 per cent above that obtainable in the stationary CSTR. But more important is the simultaneous increase in selectivity. At a yield of ?jP = 0.25 the selectivity is eP = 0648 which is nearly 30 per cent higher than that at steady-state processing. Thus less of the non required product is formed and more unreacted starting material can be returned to the reaction. The selectivity maximum occurs at a much smaller period at 8' = 18 for the given conditions. A different result is obtained when different conditions are used. For example, if the concentration ratio between A and B is changed, the result shown in Fig. 5 is produced. The ratio of the reaction rate constants is again unity in this example but the feed-concentration of component B is 20 per cent smaller than the concentration of A. The calculations show a noticeable shift in the maxima for selectivity and yield to smaller periods. Furthermore the maximum in the yield curve is clearly larger, and with a value of qip = 0.2656 some 6.3 per cent higher than the best value for steady-state processing. The selectivity on the other hand rises only to eP = O-574, some 15 per cent better than in the stationary case under conditions of maximum yield.
Increasing rate constant ratio has a similar effect. The result of calculations for a ratio x = 16 is shown in Fig. 6 . Figure 7 shows the optimum period as a function of the rate constant ratio and the feedconcentration ratio of unity. At a rate-constant ratio of x = 0.5 the best period is 8' = 6. This means that an almost stationary state obtains in the reactor before the input conditions are changed. The maximum yield of steady state processing cannot be achieved. An improvement in the selectivity is obtainable which cannot, however, be easily compared with the results from the stationary CSTR.
The change in yield with periodic processing in comparison to the steady-state processing is largely dependent on the kinetic parameters. In the extreme cases k, G k2 and k, s k2 the reaction cannot be influenced in the manner described and the results approach those obtainable in simple second order reactions. In other words in these cases periodic operation does not lead to improved yield or selectivity.
The dependence of the achievable yield on the rate constant ratio at optimum period is shown in Fig. 8 .
By way of further comparison the yield achievable in a cascade with two CSTR designed for optimum performance [ 141 and an ideal plug flow reactor are also included. It can be seen that, depending on the rate constant ratio the yield of a CSTR can be improved by periodic processing methods. The yields are however noticeably smaller than in the cascade or plug flow reactor.
The selectivities obtainable at maximum yield as a function of the rate constant ratio for the four reactor types are shown in Fig. 9 .
It is important to remark, that the selectivity in a periodic process is larger than the selectivity obtainable in an optimal cascade with two tanks up to x = 50 and also in a plug flow reactor up to x = 6.5. reactors as a CSTR or cascades with only a few tanks are considerably lower because of the smaller average concentrations which occur. But sometimes batch operation is difhcult, particularly with fast exothermic reactions because of the high rate of reaction and heat release. In these cases CSTR are employed in spite of the low production rate of product. For very fast exothermic reactions, e.g. gas phase reactions, a cascade of CSTR is hardly possible. Instead of a CSTR a loop-reactor might be used which corresponds to a CSTR at high recycle speeds. Periodic operation would certainly be of help in the maximisation of the production of intermediate products. The increased selectivity obtainable under such conditions is an additional advantage.
